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ABSTRACT 
Raman spectroscopy is an important tool of molecular characterization based on inelastic 
scattering of monochromatic light by molecules. Since Raman spectra reflect unique 
vibrational properties of materials, the method offers a potential of selective molecular 
identification.  Furthermore, surface-enhanced Raman spectroscopy (SERS) also is 
capable of a high sensitivity, since inelastic scattering of light from the molecules is 
strongly enhanced when Raman-active molecules are located close to roughened noble 
metal surfaces. In this thesis, Raman characterization protocols of liquid biological 
samples are optimized. Raman spectra of two different cell cultures, yeast cells and HeLa 
cells, were collected and interpreted. The potentiality of SERS enhancement was tested 
for the cell cultures on substrates containing a plasmonic-active layer. To facilitate 
interpretation of Raman spectra, water-soluble carbon based materials such as graphene 
oxide and fullerenol also are characterized, and these results were compared with 
predictions of the density-functional theory. These studies have demonstrated a proof-of-
principle Raman characterization of cell cultures, suggested their spectral band 
assignments, elucidated differences and similarities in Raman bands between the cell 
cultures studied, and achieved a pronounced SERS enhancement for HeLa cell analysis. 
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1. INTRODUCTION 
 
Nanotechnology, nanoscience and biological sciences are innately interconnected 
since basic functional units of biological systems, such as proteins, membranes, or 
nucleic acids, represent complex nanoscale objects 1.Nanoscale imaging and nano 
diagnostics are in incredible demand because of a promise of a greater sensitivity and 
earlier detection, and ultimately improved chances of cure, of many diseases such as 
cancer, and cardiovascular diseases 2,3. In medical applications, the usage of one of the 
most promising nanomaterials, nanostructured gold (Au), goes back to ancient times 4. In 
the recent years, the usage of plasmonic gold nanoparticles as biological probes already 
has enriched biological sensing to a greater extent 5. Further, a broad range of novel bio 
detection methods using silica nanoparticles, quantum dots, magnetic nanoparticles, or 
microtubules have also progressed toward many applications such as cell labeling, cell 
tracking, in vivo imaging, magnetic resonance imaging (MRI), DNA detection, or small 
molecules detection 1,6. In chemical and biological imaging, various types of vibrational 
spectroscopies, such as infrared and Raman spectroscopy, have a vast potential 7.  
The main reason of the interest in using the Raman spectroscopy is that Raman 
spectra provide a structural ‘fingerprint’ of analyzed molecules 8. Furthermore, surface-
enhanced Raman spectroscopy (SERS) allows for a high sensitivity when Raman-active 
molecules are located close to roughened noble metal surfaces 9,10,11,12. Due to the inert 
nature and biocompatibility of gold, Au nanostructures are particularly often used for the 
SERS enhancement 13. Raman spectroscopy and SERS have already been instrumental in 
applications to nucleic acid-based detection, immunoassay-based analyte detection, entire 
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cell detection, and tissue analysis 14. SERS is highly regarded for ultra-sensitive 
applications down to single molecule analysis, both for in vivo and in situ applications in 
various industries.   
In this work, protocols for Raman spectroscopy of liquid biological samples were 
optimized.  Raman spectra of two different cell cultures, yeast cells and HeLa cells, were 
collected using several substrates, and interpreted. The potentiality of SERS enhancement 
was tested for both yeast and HeLa cell cultures on substrates coated with an Au layer. 
To facilitate the interpretation of collected Raman spectra, less complex water-soluble 
carbon based materials such as graphene oxide and fullerenol also were characterized, 
and the results were compared with predictions of the density-functional theory. These 
studies have demonstrated a proof-of-principle Raman characterization of living cell 
cultures. My results suggest their spectral band assignments, elucidated differences and 
similarities in Raman bands of the two cell cultures and finally, achieved a pronounced 
SERS enhancement for HeLa cells.  
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2. LITERATURE REVIEW 
 
2.1 Probing of Biological Materials at the Nanoscale 
Nanotechnology, nanoscience, and biological sciences are inherently interrelated 
since basic functional units of biological systems, such as proteins, membranes, and 
nucleic acids, represent complex nanoscale objects 1. Ongoing advancements in 
nanomaterials science are expected to be of transformative significance in many areas of 
biomedical research and development, including genomics, proteomics, tissue 
engineering, and regenerative medicine. For example, nanomaterials are very promising 
for the diagnosis, treatment, monitoring, and control of diseases 15,16. Nanomaterial based 
medical products approved by the Food and Drug Administration (FDA), and are 
currently in various stages of clinical trials, ranging  from anti-cancer drugs to 
antibacterial hand gels or heart tissue regeneration products 17. However, translation of 
nanomaterials from the laboratory to the clinic is still early in the pipeline. 
In a recent Materials Research Society (MRS) Meeting in San Francisco of 2015, 
scientists from different regions discussed the identification, development, synthesis, and 
utilization of nanomaterials, which fall into three broad categories: nanotherapeutics, 
imaging and diagnostics, and tissue regeneration. Gold nanoparticles, polymeric 
nanoparticles, liposomes, and carbon-based nanomaterials in particular are highly 
regarded as a platform for diagnostic and therapeutic applications 6. 
Nanoscale imaging and nano diagnostics are in tremendous demand due to a 
promise of a greater sensitivity and earlier detection, and eventually improved chances of 
cure of many diseases such as cancer cardiovascular diseases 2,3. The use of biosensors 
4 
 
with an ability to provide fast and accurate detection of diseases, reliable imaging of 
cancer cells, molecular-level monitoring of angiogenesis and cancer metastasis, and 
accurate determining of the effectiveness of anticancer chemotherapy agents, promises a 
vast potential 18. In the food industry, nano materials are also in high demand, especially 
in relation with the detection of pathogens, pesticides, and other contaminates of food 
before packaging and distribution 19. 
Medical applications of one of the most promising nanomaterials, nanostructured 
gold (Au), go back to ancient times 4. However, confirmed efficacy of gold treatments 
dates from 1934, when an application of gold to treatment of arthritis was reported 6. 
Since 1950s, colloidal suspensions of Au particles were used as radiotracers for sentinel 
lymph nodes mapping 20. Moreover, Au was also demonstrated to attenuate high-energy 
radiation such as X-rays, which enabled usages of gold particles as a tracer or contrast 
agent for radiology 21. Currently, precisely engineered and optimized Au nanostructures 
are extensively used for numerous diagnostics and therapeutics applications, primarily 
due to their inherent bio inertness and tunable optical properties 20. In particular, the 
usage of plasmonic gold nanoparticles (AuNPs) as biological probes already has enriched 
biological sensing to a great extent 5. 
Numerous nanomaterials were found useful for imaging and diagnostics purposes. 
In the past few years, a wide range of novel bio detection methods employing silica 
nanoparticles, quantum dots, magnetic nanoparticles, or microtubules have been 
developed toward many applications such as cell labeling, cell tracking, in vivo imaging, 
magnetic resonance imaging (MRI), DNA detection, cell detection including circulating 
tumor cells and tissues, and small molecules detection 1,6. For example, magnetic nano 
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particles are useful as contrast agent for MRI and in drug delivery tracking 3. In vivo 
fluorescence imaging techniques employ semiconductor quantum dots. When quantum 
dots are covalently attached to biomolecules, they demonstrate a superior brightness in 
comparison to organic dyes and fluorescent proteins, a property useful for cells or tissues 
imaging 3,22. Dye-doped silica nanoparticles represent a different kind of emerging optical 
imaging agents, which can provide intense fluorescence signal orders of magnitude 
greater than single organic fluorophores. This material also exhibits a high emission 
intensity, excellent photo stability, water solubility, and an easily alterable surface 3,22. 
In chemical and biological imaging, various types of vibrational spectroscopies 
also have a vast potential. For example, an emerging coherent Raman scattering 
microscopy was found useful to detect cell apoptosis based on a selective imaging of CH2 
and CH3 vibrations in lipids and proteins in organelles of the cell 
7. This spectroscopy 
also has a potentiality in mapping spatial and temporal dynamics of drug molecules with 
fluorescent labeling. A different vibrational method, stimulated Raman scattering 
microscopy, can be used to monitor cell cycle according to a selective imaging of DNA 
using the signal from C-H vibrations. Such spectroscopies also proved to be suitable for 
in vivo imaging of skin 7.  
 
2.2 The Raman Effect 
Raman spectroscopy is a vibrational spectroscopic technique, which involves 
inelastic scattering of monochromatic light by molecules. Unlike elastic Rayleigh 
scattering, in Raman effect, frequency of the scattered photons is either decreased or 
increased in comparison with the original monochromatic frequency (Fig. 2.1) 8. The 
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information about vibrational, rotational, and other motions in molecules can be gathered 
from these frequencies shift. Raman spectroscopy is complementary to the infrared (IR) 
absorption spectroscopy, with the difference that IR bands result from absorption of 
photons by molecules, whereas the Raman scattering involves a significantly faster 
excitation of virtual states in the molecule, resulting in frequency shits of the scattered 
light 23. Despite a difference in selection rules, Raman and IR spectra often contain 
similar bands. Raman spectroscopy is extensively used in materials identification, 
chemical analysis and characterization since it was discovered in 1920s by C.V. Raman 
and K.S. Krishnan 24. The main reason of the interest is that Raman spectra provide a 
structural ‘fingerprint’ of analyzed molecules 25. However, the Raman effect is a 
relatively weak process. Cross-sections of Raman scattering are between 10-31 and 10-29 
cm2/molecule in most cases 26. 
 
 
Fig. 2.1 Energy level diagram of Raman and Rayleigh scattering; reproduced with 
permission of Royal Society of Chemistry 27 
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2.3 Surface Enhanced Raman Spectroscopy (SERS)   
About 40 years ago, surprisingly strong Raman spectra of pyridine on a 
roughened silver surface were observed. However, at that time the reason of the 
enhancement was not known. Later it was recognized that the Raman scattering of light 
by molecules could be enhanced on roughened metal surfaces 28. From the time of its 
discovery, the surface enhanced Raman spectroscopy’s (SERS) utilization and interest in 
it have grown dramatically, demonstrating its potential as an analytical tool for a sensitive 
and selective detection of molecules adsorbed on noble metal nanostructures 29. The 
tremendous amount of published research proves the usefulness of SERS for both 
fundamental and applied studies in the fields of chemistry, physics, material science, 
surface science, nanoscience, life sciences, and forensics studies30,31 ,14,32.  
In brief, SERS provides information about molecular vibrations by virtue of 
Raman scattering, which is strongly enhanced when Raman-active molecules are located 
close to roughened metal surfaces 9,10,11,12. In the literature, the enhancement of Raman 
scatterings in SERS is explained in two different ways: I) as an electromagnetic 
enhancement (EME), which is related to localized surface plasmon resonance (LSPR) on 
nanostructured metal surfaces exposed to light 33; and II) as a chemical enhancement 
(CE), which is associated with charge transfer interactions between the molecule and the 
metal surface 33,34,35. LSPR involves resonant oscillations of conduction electrons 
generated as a result of the interaction of light wave with the surface of metallic 
nanoparticles (NPs) smaller than the incident wavelength (Fig. 2.2) 36,37. This interaction 
leads to the plasmonic oscillations confined around the NPs with a frequency which 
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significantly depends on size, shape, material, dielectric properties, and particle-particle 
separation distance of the NPs 13,37. 
 
 
Fig. 2.2 A scheme of localized surface plasmon resonance; reproduced with permission 
of Annual Reviews 37 
 
The LSPR is responsible for creating of so-called “hot-spots”, or areas of strongly 
enhanced electromagnetic field on the surface of a NP. The generation of hot spots is 
often observed around of sharp edges, or in thin gaps between NPs 38. Molecules located  
in the hot spots experience a significant enhancement of their Raman scattering cross 
section, which sometimes even makes it possible detecting single molecules 38. 
Although the surface enhancement can make SERS orders of magnitude more 
sensitive in comparison with the regular Raman spectroscopy, the potential of SERS was 
not entirely realized until very recently. Early SERS systems suffered from limited 
reproducibility owing to imperfection of substrates employed 39. Demonstration of single-
molecule SERS detection in 1997 40, followed by recent advances in nanofabrication, 
have caused an explosion of new research and transformation of SERS from an 
interesting physical phenomenon into a robust and effective analytical technique 9,10,11,12  
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2.4 Plasmonic Materials 
The success of SERS depends strongly on the interaction between adsorbed 
molecules (analyte) and the surface of plasmonic nanostructures (substrates). Fig. 2.3 
shows a schematic of surface enhanced Raman spectroscopy of biopolymer analytes 
adsorbed on the surface of metal nanostructures. 
 
 
Fig. 2.3 Scheme of surface-enhanced Raman spectroscopy; reproduced with permission 
of JoVE 41 
 
Most SERS substrates involve gold (Au) or silver (Ag) nanostructures as they are 
abundant in free electrons, which creates favorable conditions for the creation of 
plasmonic hot-spots, in turn resulting in an increase of the Raman intensity. Furthermore, 
these two metals, and also copper (Cu), have LSPR-related absorption bands covering 
most of visible and near-infrared wavelength regimes, where most Raman excitation 
sources function (Fig. 2.4) 42. Due to the inert nature and biocompatibility of gold, Au 
nanostructures are particularly often used for SERS enhancement 13. 
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Fig. 2.4 Approximate wavelength ranges where Ag, Au, and Cu nanostructures show 
LSPR absorption of light; reproduced with permission of Elsevier 42 
 
 
2.5 Applications of Raman spectroscopy and SERS 
Raman spectroscopy and SERS have several advantages over other bio-analytical 
methods. These include, first of all, their inherent molecular specificity against unlabeled 
analytes, and relatively narrow spectral bands. Importantly, water exhibits few Raman 
bands, allowing minimizing the background signal in biological solutions. Furthermore, 
SERS has an extremely high sensitivity. Raman spectroscopy and SERS have already 
been instrumental in applications in nucleic acid-based detection, immunoassay-based 
analyte detection, entire cell detection, and tissue analysis 31. SERS is also highly 
regarded for applications down to single molecule analysis, both for in vivo and in situ 
applications in various industries. One example is the recent progress in the development 
of sensors of glucose, which is important to control diabetes43. In this application, a silver 
film on a surface of nanospheres is functionalized with a decanethiol and 
mercaptohexanol self-assembled monolayer (SAM) (Figs. 2.5 a, b,c). It was 
demonstrated 43 that such sensor can precisely measure glucose concentrations in the 
blood.  
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Fig. 2.5 (a) - Silver film (200nm) over 880 nm Si nanospheres (AgFONs)  on an 1-inch 
glass coverslip; (b) - SEM image of the system; (c) - Schematic of the acquisition 
apparatus; reproduced with permission of Elsevier 43 
 
Applications of SERS have also been developed for use in conjunction with 
electrochemistry to monitor the behavior of molecules in different oxidation states43. 
Chemical information was obtained in real-time during a switch of potential for a 
derivative of tetrathiafulvalene (TTF, Fig. 6), a highly redox-active compound that is 
highly regarded for applications in mechanostereochemistry and molecular electronic 
devices 44. Gold film over nanopsheres (AuFON) was used as a SERS-active electrode in 
an investigation of structural changes and redox properties of TTF 44. The SERS spectra 
of a monolayer of TTF were acquired as a part of cyclic voltammetry measurements (Fig. 
2.6). A change in vibrational frequencies as a result of a change in oxidation state is 
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shown from the results. In addition, as the potential was swept, dramatic changes in 
signal were observed. 
 
 
Fig. 2.6 Spectroelectrochemistry of a tetrathiafulvalene -derivative. Top left: molecular 
structure; bottom left: cyclic voltammogram in acetonitrile on a gold film over 
nanopsheres; right: surface-enhanced Raman spectra at different potential; reproduced 
with permission of Elsevier 44 
 
Single molecule SERS promises substantial advantages in comparison with single 
molecule fluorescence 30. Since exploiting extremely large effective cross sections (10 -16 
to 10 -17 cm2 per molecule) available from surface-enhanced Raman scattering (SERS), is 
instrumental for single molecule Raman scattering 45, accurate experimental 
determination of the enhancement factors is very important. This may be tackled with 
two recently developed techniques, bi-analyte SERS and temperature dependent SERS 
vibrational pumping. It was demonstrated that SERS enhancement factors as low as 107 
are sufficient for the observation of single molecule SERS signals, with maximum single 
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molecule enhancement factors typically on the order of ~1010 31,42. Particularly for rapid 
detection and identification of individual DNA bases, single molecule SERS is a very 
promising application. In this case, the structural specificity of Raman spectroscopy is 
used to characterize individual base pairs in DNA fragments without the use of 
fluorescent labels 46. It is also possible to distinguish signals that originate from various 
adsorbates, even at very low concentrations. A well-known example is the detection of 
SERS vibrational signatures from single molecules of pigment rhodamine 6G (Fig. 2.7)47.  
 
 
 
Fig. 2.7 Representative single-molecule SERS spectra of rhodamine 6G on silver 
obtained using a 532-nm excitation. (a) - Ensemble-averaged SERS obtained on an Ag 
island film and (b) single molecule SERS spectrum obtained on a colloidal Ag aggregate; 
reproduced with permission of Elsevier 47 
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Due to their advantages, Raman scattering and SERS are increasingly often used 
in the detection and diagnosis of various biological samples, including body fluids, entire 
cells, and tissues. For example, Raman Spectroscopy has already been used a lot for live 
cell and tissue studies for pharmaceutical and diagnostic purposes. 46,48 In particular, non-
invasive and label-free Raman imaging allows for interrogating of cells and tissues under 
normal physiological conditions. Current applications of live-cell imaging allow 
differentiating cell types 46,52. Many kinds of disease markers, including cancers, 
diabetes, inflammation, Alzheimer’s and Parkinson’s diseases, and others, may be 
detected using Raman or SERS biosensors, which is important for both biomedical 
research and clinical diagnostics of the future 49,50. One example is examining differences 
between normal and cancerous cells. Certain proteins are found only in cancer cells and 
not in normal cells of the same phenotype, and detection of such proteins may aid in the 
diagnosis of disease 49,50,51. SERS is also highly regarded as a platform for DNA gene 
detection using nanostructured metallic substrates as SERS-active platforms, and 
employing DNA sequences complementary to the target DNA as recognition elements52. 
Raman spectroscopy is also very promising for analyzing of foods and drinking 
water. It has been demonstrated useful for detection of several food components 
(proteins, carbohydrates, vitamins, minerals, and lipids), pathogens (micro-organisms and 
viruses), food additives, toxins and chemicals, etc. 53,54. These applications benefit from 
such properties of Raman spectroscopy at its material-sensitivity: non-destructive nature, 
high speed, and independence on pre-treatment steps and labelling. 27 
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2.6 Project Goals and Objectives 
The main goal of this research work was to optimize the protocols for Raman 
spectroscopy of liquid biological samples, and demonstrate applications of these 
protocols to the characterization of live cell cultures.  
Specific objectives of the work comprise: 
 Development of experimental protocols and procedures for preparing samples of 
live cell cultures for Raman characterization; 
 
 Collection of Raman Spectra of various liquid samples, mainly the live cell 
samples; 
 
 Comparative analysis of various settings of the Raman microscope and 
identification of optimal settings for the biodetection; 
 
 Comparative analysis of Raman bands of the cell cultures on different substrates, 
as well as of functionalized graphene compounds; 
 
 Tests of potential SERS enhancement when characterizing the cell cultures on 
substrates containing a plasmonic-active layer. 
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3. METHODS 
 
3.1 Instruments 
 3.1.1 Light Microscope. The light microscope is a common research instrument 
that employs visible light and magnifying lenses for detecting small objects, which are 
not visible to the naked eye 55,56,57. In this project, a Motic AE31 inverted biological 
microscope (Fig. 3.1) was used to visualize HeLa cells and capture images of the cells 
using the LAS EZ microscope camera software.    
 
Fig. 3.1 The Motic AE31 inverted biological microscope 58 
 
 3.1.2 Fluorescence Microscope. Fluorescence microscopy is a useful tool in the 
fields of biology, biomedical sciences, and materials science because of its sensitivity and 
specificity. It has great potentiality in the studies on detecting living cells, and also helps 
elucidating the structure and functionality of the cells by introducing fluorescent probes 
or dyes, such as fluorophores or fluorochromes, into the living cells. The method is 
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capable of detecting weak fluorescent signals from living cells, and even can detect 
individual molecules. 59 
In this study, a Zeiss Axio Observer A1 fluorescent microscope is used, which 
consists of AxioCam MRm monochrome digital camera and three different objective 
lenses: 10X, 40X and 63X. The software ZENworks used along with this powerful 
microscope allows capturing cells images and videos. The image (Fig. 3.2) was taken 
using this fluorescent microscope which shows HeLa cells in the Leibovitz's L-15 
medium.  
 
Fig. 3.2 Fluorescent microscopic image of HeLa cells 
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 3.1.3 Raman Spectroscopy. The LabRAM HR 800 (Laboratory Raman High  
Resolution) (Fig. 3.3) system from HORIBA Jobin Yvon Scientific is used in this study. 
The focal length of this system, which is the distance between the dispersing grating and 
the detector, is 800 mm. allowing for a high spectral resolution down to 0.3 cm-1. This 
system has two detectors. A silicon based multichannel array charge coupled device 
(CCD) detector works with three lasers of 325, 532, and 785nm excitation wavelengths, 
and operates at -70o C, allowing for a detection of the Raman spectra from UV to near 
infrared regimes in a single acquisition chain. It is complemented by an indium gallium 
arsenide (InGaAs) detector operating at -110o C and working with a 785 nm laser. The 
InGaAs detector allows extending sensitivity spectral acquisition into the IR regimes 
beyond 1 µm wavelengths. The  two complementary detectors make the instrument 
suitable for analyzing weak Raman shifts in broad wavelengths regimes 60. The system 
has a motorized stage that allows for horizontal XY mappings allowing for a dual scan 
acquisition mode. The autofocus option allows automatically finding the best focus on 
non-flat surfaces. The optical system is equipped with four diffraction gratings with the 
groove densities varying from 150 grooves/mm through 2400 grooves/mm. Higher 
groove densities correspond to a higher spectral resolution 60,61,62. 
 
 
Fig. 3.3 LabRAM HR micro-Raman instrument 60 
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Our LabRam system is equipped with three lasers, a 325 nm laser (UV laser), a 
532 nm laser, and a 785 nm laser. For UV laser, once the power supply is on, it takes less 
than 10 minutes to turn the laser on. It is not adjustable and the power is kept at a level of 
30-35 mW. It is recommended that the UV laser is on at least 30 minutes before 
switching the power supply off. In case of the 532 nm laser, once the switch of the power 
supply is turned on, it takes 3-5 seconds to turn the laser on. This laser is adjustable. For 
example, the current (determining the intensity) can be changed, with maximum 
attainable power around 80-85 mW. Finally, for the 785 nm laser, it takes 2-3 seconds to 
turn the laser on. The power of the laser may be varied from 100 mW to 220 mW 61,62. 
For all the lasers, there are two main optical filters which block the high-intensity 
Rayleigh scattered laser light, and allow for inelastically scattered light to pass through 
the spectrometer and detector 63. In this work, 532 nm laser is used along with its 
corresponding 532 nm bandpass filter (BPF) and 532 edge filter (EF) to pass frequencies 
within a certain range and reject others. The 532 nm BPF allows to pass only a desired 
narrow range of frequencies with a transmission of >90% 64, whereas the 532 nm EF 
absorbs all wavelengths up to 534 nm and transmits those above 534 nm 63. 
To visualize the results of Raman imaging measurements, the LabSpec 5 software 
was used. This is a very efficient and user-friendly tool for researchers and analytical 
operators. It allows generating Raman spectra and maps with different system settings.61 
 3.1.4 Fume Hood. Laboratory fume hood  is a ventilation device intended to 
provide personnel protection against hazardous airborne components, such as fumes, 
vapors or dust, Fume hoods also protect against and other chemical spills contaminations 
65. In this work, a fume hood was used to culture HeLa cells, which is shown in Fig. 3.4.  
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Fig. 3.4 Fume hood 
 
 
3.2 Simulation and Visualization Software 
3.2.1 Quantum ESPESSO. Quantum ESPRESSO (opEn-Source Package for 
Research in Electronic Structure, Simulation, and Optimization) is an Open-Source 
computer code for electronic-structure calculations, and ab initio quantum chemistry and 
materials modeling at the nanoscale. It is mainly based on the Density-Functional Theory 
(DFT), and employs the plane-wave pseudopotential method 66. 
In this work, the Quantum ESPRESSO software package was used to calculate 
Raman bands in selected materials. The electron–electron interactions were treated using 
the gradient-corrected Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional 
for norm-conserving pseudopotentials. The kinetic energy cutoff employed for plane-
wave expansion of electron wave functions was set to 100 Rydberg (Ry) and the charge 
density cutoff was 160 Ry. The Brillouin zone (BZ) integration was sampled on a grid of 
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2x2x1 k-points, and the convergence threshold energy was 10-7, whereas the mixing 
factor for self-consistency was equal to 0.7000 67,68,69, meaning that at each iteration,70% 
of new density result was mixed with 30% of old density result to have a faster 
convergence. Structural parameters were relaxed using the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) minimization method. The structure was relaxed until the energy change 
was less than 10-4 Ry, or the force was less than 10-3 Ry/au 70. 
3.2.2 VESTA. VESTA (Visualization for Electronic and STructural Analysis) is a 
3D visualization system that has been developed to visualize both structural models, 
electron or nuclear densities, wave functions, and electrostatic potentials 71,72,73, as well as 
crystal morphologies 74. In this work, the VESTA package was used to visualize selected 
molecular structures.  
 
3.3 Cell Cultures 
 3.3.1 HeLa Cell Cultures. The HeLa (ATCC CCL-2) cells were cultured in 
accordance with protocols adopted in the laboratory of Dr. Paul Durham at the 
Department of Biology of the MSU. The cells were grown inside T-15 flasks, immersed 
in 5 mL of Leibovitz -15 (L-15) glutamine media supplemented with a 10% fetal bovine 
serum (FBS) solution and a 1% penicillin streptomycin (PenStrep) solution at 37° C in a 
humidified atmosphere. All the components were purchased from either from Sigma 
Aldrich or from Fisher Scientific. Cells were fed by replacing of the L-15 medium 
solution with a fresh supply every alternative day. Growth of the cells was observed using 
the light microscope 48 hours after each medium replacement.  
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To split the cell cultures, the old medium was aspirated off from the flask, and the 
cells were washed off with 500 µL of phosphate-buffered saline (PBS) of 7.4 pH. After 
rinsing the flask thoroughly, PBS was aspirated off, and 500 µL of a solution of enzyme 
trypsin in ethylene diamine tetra acetic acid (EDTA) was added in the flask to break 
down proteins that keep the cells adherent to the surface of the flask, so that the cells 
could be detached. After trypsinization for 5 minutes, the cells were observed with the 
microscope to confirm that they were detached from the surface of the flask. Afterwards, 
4.5 mL of L-15 medium solution was added to the flask. The FBS contained in the 
solution quenched the trypsinization. Then, the medium solution was pipetted up and 
down, and squirted around the interior of the flask to remove any remaining adherent 
cells from the surface. The final step was to mix the cell stock from the old flask with a 
fresh L-15 solution in a clean T-15 flack. Cells were split in several proportions, such as 
1:2 (2.5 mL of new medium solution added to 2.5 mL of old stock), 1:4 (3.75 mL of new 
medium solution added to 1.25 mL of old stock), 1:5 (2.5 mL of new medium solution 
added to 2.5 mL of old stock), and 1:8 (4.4 mL of new medium added to 0.625 mL of old 
stock), depending on the requirements. After the splitting process, cells were incubated at 
37 °C in a humidified atmosphere. 
3.3.2 Yeast Cell Cultures. The cultures of Saccharomyces cerevisiae cells 
described below were prepared by John Short from Dr. Kyoungtae Kim laboratory at the 
Department of Biology of the MSU. Broth cultures were grown in a standard yeast 
extract peptone dextrose (YPD) medium, which is a complete medium for yeast growth 
containing yeast extract, peptone/tryptone, and dextrose solution in deionized water (DI). 
1 mL of YPD broth consists of 10 µL yeast extract, 20 µL tryptone, and 20 µL dextrose, 
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in DI. To grow cell samples, YPD was inoculated with cell stock from a 4˚ C storage and 
incubated overnight at 30˚ C with shaking. The doubling time of the cell strain under 
such conditions was approximately 90 minutes. Several kinds of samples were prepared: 
basic yeast cell cultures in YPD medium; cell cultures in YPD medium with fullerenol 
treatment; cell cultures in a 2% dextrose solution in DI water; and control samples 
containing YPD media without cells. Fullerenol solutions were added to the samples in 
concentrations of 5 µg/mL, 10µg/mL and 20µg/mL, and then incubated for an hour at 30° 
C with shaking. Cells in pure dextrose solutions were first grown in YPD as described 
above, then centrifuged for 5 min at 2000 rpm (revolutions per minute), the supernatant 
was removed and the cell pellet was resuspended in a 1 mL DI by vortexing. The 
procedure was repeated twice, after which the cells were resuspended in a 1 mL of a 2% 
solution of dextrose in DI. The optical density of the cell samples at a 600 nm wavelength 
(OD600) was measured using a Thermo Scientific Biomate3 spectrophotometer. 
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4. EXPERIMENTAL DESIGN AND RESULTS 
 
4.1 Raman Spectroscopy of Liquid Samples 
Distinct from inorganic materials, most biological samples require an aquatic 
environment to be stable or functional. In this research work, one of main challenges was 
to optimize protocols for collecting Raman spectra of liquid samples with the LabRam 
HR 800 instrument. Extensive help of Dr. Robert Mayanovic from Department of 
Physics, Astronomy, and Materials Science, and Dr. Sergey Mamedov from HORIBA 
Scientific, was instrumental for the success of this part of the work, and the author would 
like taking this opportunity to thank them for their support during my journey through 
this work. In this section, the experimental setup developed for collecting Raman spectra 
of liquid biological samples is described, and the corresponding optimized experimental 
protocols are explained. An example of Raman septum of a biological sample is given, 
and the procedure adopted for processing of raw Raman data is outlined. The 
experimental setup, the protocols, and the data processing steps described here have been 
followed in other sections of this chapter to process the corresponding experimental data.  
 4.1.1 Laser and Microscopic Objectives Selection. For this work, the 532 nm 
laser has been selected. In general, the excitation wavelength, the accessible laser power, 
and the linewidth are the most important parameters for selecting a laser for Raman 
spectroscopy. According to the literature75, the Raman scattering efficiency is higher for 
shorter wavelengths as more scattered photons are produced; however fluorescence from 
the sample also increases, which can immerse the Raman signal. Specifically for 
applications to biological samples such as cell cultures, a better tradeoff of the Raman 
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scattering signals and the fluorescence is achieved at 532 nm excitation wavelength in 
comparison to lower wavelength lasers 76,77. Another important aspect specific to 
biological samples is their propensity to degrade when exposed to laser tight. The main 
reason of the damage is linked to light absorption. From this point of view, near-infrared 
lasers would produce less photodamage in comparison to visible light ones 76,77. Although 
a 532 nm laser has would produce more power in comparison to a longer wavelength 
laser, in this work I choose the 532 nm laser as it gives a better signal intensity from the 
samples with less background noise compared to the 785 nm laser.   
 Another very important factor is the laser’s power. In this work, a typical laser 
intensity used was about 4.39 mW/μm2 at the 532 nm excitation wavelength.  The 
optimal power P was calculated based on the magnification, the laser spot size (D) and 
the numerical aperture (NA), which characterizes the solid angle of light collection, using 
the formula below based on the Rayleigh criterion for diffraction-limited resolution 78,  
P (mW/µm
2
) = 25 mW/ (π *(D/2)
2
)    (1) 
D = 1.22/NA,  = 532 nm     (2) 
where 25 mW is the total laser power on the sample. 
The selection of microscope’s objective lens is also crucial in Raman 
spectroscopy. The objective lens’ throughput depends on its numerical aperture. 
Objective lenses with high magnification or high NA are deemed suitable for thin-film 
crystal samples as they provide a higher axial spatial resolution and shorter working 
distance. However, for transparent biomaterials, somewhat lower magnification and 
lower NA objectives are preferable as they have longer working distance to avoid the 
sample touching the objectives, and also provide milder exposure conditions.  
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In this work, an objective lens with a 10X magnification was used that allows for 
the smallest numerical apertures, longer working distances, and bigger spot sizes in 
comparison to other options available in our lab. The usage of low numerical apertures 
(NA) causes a large spot size of the laser resulting in a lesser power density, which 
prevents sample of overheating. Table 4.1 lists the available magnification options for the 
532 nm laser. The settings used in this work are given in the bottom line of the table. It 
can be seen that these settings minimize the radiation power on the sample in comparison 
with the other options.  
 
Table 4.1 Laser power (25mW) calculations for the various magnifications 
Magnification Numerical 
Apertures 
Laser spot 
size (µm) 
Working 
distance (mm) 
Radiation power 
(mW/µm2) 
100× 0.90 0.721 0.27 ~61.23 
50× 0.75 0.865 0.38 ~42.54 
10× 0.25 2.69 10.6 ~4.39 
 
4.1.2 Substrate Selection. Of primary interest for this work were biological 
samples contained in small amounts on solid substrates. Since most of our substrates 
were transparent fluids, the material of the substrate was important. Four different 
substrates were used, such as ordinary glass coverslips; Si wafers; glass coverslips 
covered with an either 10 nm or 20 nm thick Au layer; and steel slides. Out of these, glass 
coverslips are the simplest to use in cell culture experiments, whereas Si wafers provide 
minimal background signal and also facilitate focusing, since they are opaque for visible 
light. Glass coverslips coated with thin Au films combine these advantages, as the Au 
film allows for a light scattering sufficient for focusing purposes, while partially 
27 
 
screening Raman bands originating from the glass 75. Furthermore, 10-20 nm Au films 
also allow for a SERS enhancement or Raman bands from the sample. The deposition of 
Au on gold slides was performed by the staff of the Center for Applied Science and 
Engineering (CASE) at the Roy Blunt Jordan Valley Innovation Center (JVIC). The 
deposition was done by magnetron sputtering (Emitech K550X) of gold. Prior the 
deposition, the glass slides were sonicated in acetone and plasma-cleaned (Nordson 
March Jupiter III). 
 4.1.3 Experimental Design and Procedures. Fig. 4.1 shows a scheme of the 
samples used in this work.  For example, a glass slide was used to support the substrate. 
The liquid samples were pipetted on the top of the substrates, forming a droplet as shown 
in Fig. 4.1. Io collect the Raman spectra; the samples were placed in the LabRAM HR800 
instrument as illustrated in Fig. 4.2.   
 
 
Fig. 4.1 Scheme of experimental setup for collecting Raman spectra of liquid samples 
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Fig. 4.2 Sample area of the LabRAM HR800 instrument. 
 
During the Raman measurements, the instrument was first calibrated using the 
easiest reference material, silicon, which has a sharp peak at 520.5 cm−1. To minimize the 
laser intensity and prevent the damage of biological samples, a 200 µm confocal hole and 
a 600 grooves/mm grating were used. Different filters were employed, such as D0.1, D1, 
D2, D3 and D4, with the corresponding levels of passed laser power of 50%, 10%, 1%, 
0.1% and 0.01%, respectively. To maximize the signal from the sample, the intensity 
correction was turned on to minimize the fluorescence. Focusing on the sample was done 
either from the top surface of the liquid, or from the bottom (substrate’s surface). While 
focusing from the top of the liquid droplet, the focusing was performed from the 
reflection generated by the laser visible on the monitor. Then, the real time display was 
turned on, and the position along the Z axis was adjusted to maximize the signal. After 
finding the position where the signal was maximal, the data was acquired from that 
position. When focusing from the substrate surface, first the objective lens was brought 
close to the sample, and once the substrate surface was visible on the monitor, the 
position along the Z axis was adjusted in the opposite direction to focus on the sample. 
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For both approaches, once the signal was obtained, the selected position along the Z axis 
was reset to zero for making it a reference point. Upon selection of a desired spectral 
range, the acquisition was performed with a minimal exposure time in the range of 25 
seconds to 25 minutes, depending on samples in order to avoid damage of the samples.  
 4.1.4 Examples. Since all samples in this work were water solutions, I started 
with collecting Raman spectra of pure water. Fig. 4.3 depicts an example Raman 
spectrum of pure water on a Si substrate (50-4500 cm-1). To collect the spectrum, one 
drop of water was pipetted on the surface of a silicon wafer, which was placed on a glass 
slide. I used the exposure time of 20 s and the accumulation number equal to 3. The 
spectrum in Fig. 4.3 shows pronounced Raman bands around a 3300 to 3500 cm-1 region, 
which is results from O-H vibrations. The bands visible in the lower shift regions (around 
800 to 1000 cm-1) are mainly from native oxide on the surface of silicon.  Importantly, 
water shows few peaks in the biologically relevant region between 1000 and 2000 cm-1, 
so that the background signal in this region is minimal.   
Unlike pure water, spectra acquired from most biological samples contain a rich 
variety of overlapping spectral bands. Not unusually, the raw spectra also included a 
significant contamination originating primarily from fluorescence. To improve the signal 
to noise ratio when required, baseline correction was done by fourth-degree polynomial 
or fifth-degree polynomial using HORIBA Scientific’s LabSpec 5 software. After the 
baseline correction, normalization was performed to facilitate comparison of several 
spectra. For few spectra with the strongest background noise, a fourth-degree polynomial 
smoothing option available in the LabSpec 5 was also used to additionally smooth the 
spectra. However, the use of this option was kept limited to avoid unwanted side effects 
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of this procedure whenever possible. After processing of the spectra, the Origin graphic 
software was used to further analyze the data.   
 
Fig. 4.3 Raman spectrum of pure water on Si substrate (50-4500 cm-1) 
 
As an example, Fig. 4.4 shows several raw spectra of a biological sample, yeast 
extract peptone dextrose (YPD) medium, which was used to culture yeast cells (Sect. 
3.3.2). Since the YPD contains an extract from yeast cells, it may be expected to produce 
complex spectra resulting from many biological compounds. To collect the spectra, four 
different substrates were used (20 nm Au coated glass coverslips, ordinary glass 
coverslips, Si wafers, and steel slides). After collecting of the raw spectrum (Fig. 4.4), 
baseline extraction using a fourth-degree polynomial makes the Raman band much better 
discernible, as Fig. 4.5 illustrates. The subsequent normalization (Fig. 4.6) helps to 
compare the different spectra, and interpret the results.  
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Fig. 4.4 Raman spectra of YPD media (a biological sample) on different substrates (800-
1900 cm-1) 
 
 
 
Fig. 4.5 Baseline extracted Raman spectra of YPD media from Fig. 4.4 
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Fig. 4.6 Normalized and baseline extracted Raman spectra of YPD media from Figs. 4.4 
and 4.5 
 
 
4.2 Analysis of Vibrations in Carbon Materials 
As the example in Sect. 4.1 illustrates, Raman spectra of biological samples may 
represent a complex superposition of many bands. In order to facilitate interpretation of 
Raman bands in complex samples, I have additionally investigated a simpler benchmark 
example of graphene based materials. Graphene is a two-dimensional crystal comprised 
of carbon atoms tightly packed into a hexagonal honeycomb lattice. In this study, 
oxidized graphene was selected primarily for the reason of representing vibrations of C-C 
and C-O bonds, which are also relevant for many of organic materials. However, 
graphene and its derivatives are also interesting materials on their own. Graphene 
structure has unique mechanical, electrical, optical and thermal properties due to its two-
dimensional lattice 79,80,81 ,82,83 ,84,85 , which may adopt many forms known as graphite, 
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carbon nanotubes, or fullerene 86. Electronic structure of graphene materials involves sp2 
hybridized atoms forming in-plane σ bonds, resulting in a high structural stability. 
Importantly, delocalization of π bonds out of plane allows for a variety of functional 
groups to be attached covalently. For example, graphene oxide (GO) may contain 
hydroxyl (-OH) functional groups 87. Composition, location, and number of such group 
may vary.  Often, oxidation of graphene is achieved through the intermediate formation 
of COC (epoxy) groups 88. In this section, I investigate vibrations of functionalized 
graphene-based structures both experimentally and computationally using the Quantum 
ESPRESSO DFT software (Sect.3.2).  
 4.2.1 Models of Functionalized Graphene-Based Materials. Models of 
functionalized graphene were built using the VESTA software (Sect. 3.2) A planar 
graphene structure was constructed from a unit cell of 8 carbon atoms on the xy plane as 
shown in Fig. 4.7. A vacuum spacing of 20 Å along the z-direction was used to avoid 
mirror interactions between neighboring images. Oxygen- and hydrogen-containing 
models (C8O, C8O2, C8H, C8H2 and C8H6) as well as a model with OH groups (C8OH) 
were prepared. Defects were introduced into by replacing one C atom with O. Fig. 4.8 
show a C7O structure, where a carbon hole was created and replaced by an oxygen atom 
to model an oxidized graphene structure with defects. The functionalization also included 
-OH, -H and =O groups, predominantly bound to carbon atoms on the basal plane. All the 
models of graphene were prepared manually by attaching O, H or OH groups to the C8 
graphene structure using the VESTA software package. In the C/O models, the oxygen 
atoms were bonded uniformly on the top surface of some selected carbon atoms and the 
other models such as C/H and C/OH were created by selecting the same carbon atoms to 
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have a better comparison among all models. The Quantum ESPRESSO DFT code was 
used to optimize the structures. A 2x2x1 supercell was created using VESTA for better 
visualization. Figs. 4.9-4.11 illustrate the initial structures (left) and the optimized 
structures after the relaxation (right). 
  
Fig. 4.7 Periodic structure of graphene 
 
 
Fig. 4.8 An oxidized graphene structure with defects obtained by replacing C atoms with 
O atoms. Note that the brown and red lines indicate symmetry of the initial structure, and 
not actual covalent bonds between the atoms 
 
Fig. 4.9 (a) shows the structure C8H (8 carbon atoms and one hydrogen atom) 
where one hydrogen was initially placed on top of one carbon atom. The structures in 
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Figs. 4.9 (b) and (c) are similar to (a), differing only by the number of hydrogen atoms. 
The structure C8H2 (8 carbon atoms and 2 hydrogen atoms) shown in (b) contains two 
hydrogen atoms, which were initially placed on top of two carbon atoms. The structure 
C8H6 (8 carbon atoms and 6 hydrogen atoms) shown in (c) contains six hydrogen atoms, 
which were initially placed on top of six carbon atoms. In addition, the well-known CH4 
model was generated using one carbon atom surrounded with four hydrogen atoms to 
compare the calculated results with this model.    
  
 
 
  
Fig. 4.9 Functionalized graphene with C/H ratios of (a) 8:1, (b) 8:2, and (c) 8:6 before 
(left) and after (right) relaxation of the structures  
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Fig. 4.10 (a) shows the structure of C8O (8 carbon atoms and one oxygen atom), 
where one oxygen was initially placed on top of one carbon atom, as depicted in the 
panel on the left. After relaxing of the structure, the oxygen atoms shifted towards the 
neighbor carbon atoms and formed epoxy-type bonds with two nearest carbon atoms, as 
in can be seen in the panel on the left. Fig. 4.10 (b) shows the structure C8H2 (8 carbon 
atoms and 2 oxygen atoms), where two oxygen atoms were initially placed on top of two 
carbon atoms. In this structure, the O atoms remained in close positions after the 
relaxation. 
 
 
 
 
Fig. 4.10 Functionalized graphene with C/O ratios of (a) 8:1 and (b) 8:2 before (left) and 
after (right) relaxation of the structures  
 
Finally, Fig. 4.11 shows the structure of C8(OH) (8 carbon atoms, one oxygen 
atom, and one hydrogen atom). In this case, first, one oxygen atom was positioned on top 
of a carbon atom, and then a hydrogen atom was attached to the oxygen to create the 
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initial C8OH structure shown in the left panel. The panel on the right shows an optimized 
C8OH after relaxation.  
 
 
Fig. 4.11 Functionalized graphene with C/OH ratio of 8:1 before (left) and after (right) 
relaxation of the structure  
 
Tables 4.2 and 4.3 list interatomic distances in the models considered before and 
after the optimization, respectively. In initial structures before optimization, average C-C 
distances were equal to 1.418 Å; for C-H and for O-H the distances were 1 Å; and for C-
O, they were 1.4 Å (Table 4.2). After optimization of the geometry, vertical displacement 
of C atoms was observed as Figs. 4.8-4.10 illustrate. In optimized hydrogen-containing 
models, C-H bond lengths varied from 1.13 Å to 1.10 Å, whereas saturated C–C single 
bond lengths near H varied from 1.47 Å to 1.52 Å (see Table 4.3). In C8O due to the 
oxygen displacement both C-C and C-O bond lengths increased and the oxygen atom 
formed an epoxy group with two carbon atoms (Fig. 4.10 (a)). However, for system C8O2 
only a vertical displacement of oxygen atoms occurred (Fig. 4.10(b)). For the C8OH 
structure, the plane also was somewhat distorted by the presence of OH groups Fig. 
4.11(a)). In this structure, the measured C–O bond lengths was 1.51Å and unsaturated C–
C double bonds adopted 1.487 Å lengths. 
 
C
8
OH 
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Table 4.2 Bond lengths for initial 9 structures before relaxation 
 
Graphene 
Models 
C-C Bond 
Lengths (Å) 
C-O Bond 
Lengths (Å) 
C-H Bond 
Lengths (Å) 
O-H Bond 
Lengths (Å) 
C8 1.417 - - - 
C7O 1.418 1.418 - - 
C8H 1.418 - 1 - 
C8H2 1.418 - 1 - 
C8H6 1.418 - 1 - 
C8O 1.418 1.4 - - 
C8O2 1.418 1.4 - - 
C8OH 1.418 1.4 - 1 
C8(OH)2 1.418 1.4 - 1 
 
 
Table 4.3 Bond lengths for 9 structures after optimizing of the structures 
 
Graphene 
Models 
C-C Bond 
Lengths (Å) 
C-O Bond 
Lengths (Å) 
C-H Bond 
Lengths (Å) 
O-H Bond 
Lengths (Å) 
C8 1.418 - - - 
C7O 1.40 1.46 - - 
C8H 1.483 - 1.13 - 
C8H2 1.497 - 1.11 - 
C8H6 1.4991 - 1.10 - 
C8O 1.46 1.46 - - 
C8O2 1.484 1.50 - - 
C8OH 1.487 1.51 - 0.98 
C8(OH)2 1.417 3.1745 - 0.98 
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4.2.2 Calculation of Raman Bands in Graphene-Based Materials. The 
Quantum ESPRESSO code was used to calculate Raman bands of the model graphene-
based structures as described in Section 3.2. Figs. 4.12-4.16 illustrate positions of Raman 
bands obtained for the various structures. Interpretations of the bands were done based on 
assignments from DFT calculations of comparable structures published in the literature 
89,90,91,92 ,93,94,95,96,97,98,99. 
Figure 4.12 shows the predicted Raman bands of graphene structure (C8), where 
the X-axis represents the Raman shift (cm-1) in the range from 380 to 1650 cm-1. 
Differently colored bars represent the Raman bands. Raman bands are observed at 383 
cm-1 and 1091 cm-1 are coming from C-C bending; that near 730 cm-1 is due to the ring 
vibration; those near 835 cm-1 and 1424 cm-1 are due to C–C stretch, and the bands near 
1375 cm-1 and 1563 cm-1 are due to ring stretches.   
Raman bands of oxidized graphene with defects (C7O) are shown in Fig. 4.13. 
Different colors and bars present different Raman bands in the region from 200 to 1600 
cm-1. The figure shows C–C bending bands between 200 cm-1 and 510 cm-1, and ring 
vibration bands at 704 cm-1 and 789 cm-1. The band at 928 cm-1 has been attributed to the 
C–O–C group stretch. The band at 1053 cm-1 region has been assigned to C–C skeletal 
stretches. The model also exhibits ring stretch modes at 1362 cm-1 and 1589 cm-1.  
In Fig. 4.14, panel (a) shows Raman bands of methane CH4, panel (b) shows 
Raman bands of C8H, panel (c) shows Raman bands of C8H2, and panel (d) shows bands 
of C8H6.  For CH4, bands are found at 1061 cm
-1, 1150 cm-1, 1257 cm-1 and 1262 cm-1, 
and also at 3892 cm-1 and 4045 cm-1, however, the bands at 1257 cm-1 and 1262 cm-1 are 
overlapped with each other. For C8H, I observe similar bands as in CH4, and also many 
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additional bands between 537 cm-1 and 1558 cm-1. For the C8H2 and C8H6 models, many 
similar bands have been observed as in C8H, however, a new band is found at 
approximately 1630 cm-1 for C8H6. Several new bands are found in the region between 
1630 cm-1 and 1930 cm-1 and also around 2750 cm-1for C8H6. In the described hydrogen-
containing structures except for CH4, bands seen between 830 cm
-1 and 1044 cm-1 can be 
attributed to C–C stretches, whereas ring stretches are observed in the 1325-1568 cm-1 
region. The bands between 1273 cm-1 and 1467 cm-1 can be attributed to either C–H or 
C–C bond vibrations. The models also exhibit higher-order 2D ring vibration bands 
between 2618 cm-1 and 2756 cm-1.  
Figs. 4.15 (a) and (b) show Raman band of C8O and C8O2, respectively. In these 
oxygen-containing structures, the bands in the 400-470 cm-1 region are due to C–C 
bending, and ring vibration bands are observed in the 727-800 cm-1 region. The bands in 
the 850-1070 cm-1 region have been assigned to C–C skeletal stretches. Similarly, to the 
other graphene-based models, ring stretch modes are seen between 1345 cm-1 and 1616 
cm-1.  
Finally, Fig.4.16 shows the Raman bands of the C8OH structure with OH groups 
depicted in Fig. 4.10. The C8OH model shows C–C bending bands between 336 cm-1 and 
407 cm-1 as well as at 1090 cm-1; C–C stretch bands at 835 cm-1, 1044 cm-1, and 1435 cm-
1; ring vibration bands around 730-743 cm-1; and ring stretch bands between 1328 cm-1 
and 1555 cm-1. A 3716 cm-1 band is due to hydroxyl groups stretching vibrations.  
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Fig. 4.12 Predicted Raman bands of Graphene (C8) (300-1650 cm
-1) 
 
 
 
Fig. 4.13 Predicted Raman bands of oxidized graphene with defects (C7O) (200-1600  
cm-1)  
 
  
  
Fig. 4.14 Predicted Raman bands of (a) - CH4 model (500-5000 cm
-1), and (b-d) - C/H 
models: 8:1 (300-2700 cm-1), 8:2 (300-2800 cm-1), and 8:6 (300-3000 cm-1)  
 
b) 
d) 
a) 
c) 
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Fig. 4.15 Predicted Raman bands of C/O models: (a) - 8:1 (400-1700 cm-1) and (b) - 8:2 
(400-1600 cm-1) 
 
 
 
Fig. 4.16 Predicted Raman bands of C/OH model (8:1) (400-3700cm-1) 
 4.2.3. Experimental Raman Characterization of Graphene Oxide and 
Fullerenol. Raman spectra were acquired for several graphene derivatives. The samples 
included oxidized nano graphene platelets mixed with deionized (DI) water; GO solution; 
and fullerenol (C60(OH)n) solution. 25 mg of oxidized nano graphene platelets in powder 
form from Angstrom Materials, INC were mixed with 3 mLof DI water to prepare a 
mixture with the graphene concentration of 8.33 mg/mL. A 2 mg/mL GO solution was 
purchased from Sigma-Aldrich. Finally, a 25 mg/mL solution of fullerenol (also known 
as fullerene polyhydroxide) from Materials and Electrochemical Research (MER) 
Corporation was used as a sample. Raman spectra of the samples were collected as 
described in Sect. 4.1 using a 532 nm excitation wavelength. The confocal hole size was 
b) a) 
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kept at 200 µm, and the objective lens had a 10X magnification for all the samples. 
However, the acquisition time varied from 25 s to 5 min. To obtain spectra of liquid 
samples, the solutions were pipetted onto a substrate (either a Si wafer or a glass slide 
with a 10 nm thick Au coating). Alternatively, to obtain spectra of dried samples, the 
samples were dried using a hot plate, and the spectra were taken afterwards. Lab Spec 5 
software was used to collect the Raman spectra and Origin was used to process and 
analysis all the results as described in Sect. 4.1.4. 
Figure 4.17 shows the Raman spectra from water mixture of oxidized nano 
graphene platelets obtained with the exposure time 10 s and the accumulation number 10. 
One drop of the mixture was placed on the surface of a silicon wafer, which was in turn 
placed on a glass slide to collect the spectra. Two spectra have been collected to confirm 
the accuracy. Baseline correction was subsequently performed using a 5-degree 
polynomial.   
 
Fig. 4.17 Raman spectra of an 8.33 mg/mL mixture of graphene platelets with water on a 
Si substrate (50-4000 cm-1) 
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Fig. 4.18 depicts a Raman spectrum of dried graphene oxide. The initial 2 mg/mL 
GO solution was pipetted onto a glass side coated with a 10 nm layer of gold (Au) and 
the sample was dried using a hot plate. The Raman spectrum was subsequently taken, the 
baseline was extracted, and the spectrum was smoothened using a 4-degree polynomial. 
Fig. 4.19 represents Raman spectra of a fullerenol (C60(OH)24) solution on a Si 
substrate. To prepare a highly concentrated solution, 25 mg of fullerenol powder was 
diluted in 1 mL of DI water, which used as a stock for the future experiments. Then, a 
drop of the solution was pipetted onto a Si substrate. Two acquisition time runs were 
performed.  For the first run the exposure time was 10 s and the accumulation number 
was 10, whereas for the second run they were 5 s and 5, respectively.  
 
 
Fig. 4.18 Raman spectrum of dried graphene oxide solution on an Au coated glass slide 
(100-4000 cm-1) 
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Fig. 4.19 Raman spectra of a 25 mg/mL solution of fullerenol (C60(OH)24) in water on Si 
(100-2000 cm-1) 
 
4.2.4. Comparison of Experimental and Predicted Raman Bands. Table 4.4. 
lists the positions of Raman bands observed experimentally in oxidized nano graphene 
platelets mixed with deionized (DI) water, dried GO solution, and fullerenol (C60(OH)n) 
solution. The table also presents the positions of Raman predicted by DFT calculations in 
the graphene-based models and CH4. Summarizing the DFT calculations data, most C–C 
bending and stretch bands fall into 330-1100 cm-1 and 832-1074 cm-1 regions in the 
structures considered. C–H vibration bands are found in a narrower region between 1273 
cm-1 and 1375 cm-1; however, some C–C stretch modes are also found in these regimes. 
Ring vibration modes are observed between 704 and 796 cm-1, and also at 1325-1616 cm-
1. O–H vibration bands are localized at 3716 cm-1.  
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Table 4.4 Comparison of experimental and predicted Raman bands (cm-1) 
Band 
Types 89-
99
 
Experimental Raman Spectra Calculated Raman Bands 
 
 
 
Graphene 
Platelets 
with H2O 
GO 
(Dried)  
Fullerenol 
Solution 
C8 C7O CH4 C8H C8H2 C8H6 C8O C8O2 C8OH 
C -C 
Bending 
- 1090 - 383 
1091 
200 
453 
510 
1150 353 
1089 
397 336 
1084 
425 
473 
1074 
402 
444 
1069 
336 
397 
407 
1090 
Ring 
Vibration 
- 760 
794 
- 730 704 
789 
- 761 - 727 
796 
727 740 730 
743 
C-C 
Skeletal  
Stretch 
841 -  835 1053 1061 834 
967 
1044 
832 
936 
1027 
945 
1026 
854 
868 
1074 
854 
863 
910 
1059 
1069 
835 
1044 
C-O-C 
Stretch 
- - - - 928 - - - - - - - 
C-H 
Vibration, 
C-C Stretch 
or D-Band 
 
1345 
 
1345 
1435 
1362 
 
1375 
1424 
- 1257 
1262 
1273 
1314 
1344 
1434 
1450 
1344 
1467 
1305 
1342 
1371 
1417 
- - 1368 
1435 
Ring 
Stretch 
or G-Band 
1592 1592 1596 1563 1362 
1589 
- 1392 
1558 
1325 
1401 
1568 
1695 
1398 
1564 
1632 
1934 
1345 
1389 
1616 
1359 
1561 
1328 
1386 
1555 
2D Band 2694 2667 - - - - 2618 2756 2685 
2749 
- - - 
O-H Stretch  3240 
3422 
- - - - - - - - - - 3716 
 
In turn, the experimental data of graphene compounds exhibit pronounced bands 
around 760-794 cm-1, 841 cm-1, 1090 cm-1, 1345 cm-1, 1362 cm-1, 1592 cm-1, and beyond 
3000 cm-1. Based on the DFT predictions, the first two sets of bands can be confidently 
attributed to ring vibration and C–C skeletal stretch, respectively, whereas the band at 
1090 cm-1 is due to C–C bending. The bands observed at 1345 cm-1 and 1362 cm-1 have 
been attributed to C–C vibrations and that at 1592 cm-1 is due to ring stretch. The bands 
of 3240 cm-1 and 3422 cm-1 observed in the graphene platelets sample arise from O-H 
bond vibrations.  
Specifically, for the spectra in Fig. 4.17, the weak peak observed at 841 cm-1 is 
due to C-C skeletal stretch, and two pronounced bands at 1345 cm-1 and 1592 cm-1 can be 
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attributed to C-C stretch and ring stretch, respectively.  Two strong bands at 3240 cm-1 
and 3433 cm-1 arise from -OH groups, both from graphene oxide and water. 
In Fig. 4.18, Raman bands are observed at the same shifts of 1345 cm-1 and 1592 
cm-1 as in the oxidized nano graphene platelets. Several lower-shift bands are also seen. 
The bands around 760 cm-1 are due to the ring vibration, and the strong band near 1090 
cm-1 is coming from C-C bending. In Fig. 4.19, the Raman bands found at 1362 cm-1 and 
1596 cm-1 are very close to those observed in oxidized nano graphene platelets and dried 
GO.  
 
4.3 Analysis of Cell Cultures 
In this research work, two examples of biological samples were characterized, 
live yeast cells samples, and live HeLa cells samples. These examples involve somewhat 
different processing steps, primarily considering that HeLa cells are cultured on a surface 
of a substrate (Sect. 3.3.1), whereas yeast cells are grown in solution (Sect. 3.3.2).  
 4.3.1 Analysis of Yeast Cell Cultures. For the yeast cell cultures, cell stock was 
grown overnight (Sect. 3.3.2) and Raman measurements were performed after 
approximately 20 hours so that the cells were highly dense in solution. Most of the time 
the concentration of yeast cells material, as measured by the optical density method 100, 
was at the level of 4, or approximately 12x107 cells/mL. Four different substrates were 
used such as Si wafer, 20 nm Au coated coverslip, ordinary glass slide, and steel slide. 
Before the Raman measurements, the substrates were washed with a 70% solution of 
ethanol in water and dried. Subsequently, 60 μL of the YPD medium solution containing 
yeast cells were pipetted on the surface of the substrates for characterization. Before 
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collecting Raman spectra, optical microscopic image of the cells was taken to confirm 
that the cells are present in the solution. An example image of yeast cells in YPD medium 
is shown in Fig 4.20. 
 
 
Fig. 4.20 Optical microscopic image of yeast cells in solution on glass substrate 
 
Fig. 4.21 shows raw Raman spectra of yeast cells in YPD medium solution on 
four different substrates (20 nm Au coated glass coverslips, ordinary glass coverslips, Si 
wafers, and steel slides). After collecting of the raw spectra, baseline extraction using a 
fourth-degree polynomial was performed. This makes the Raman bands much easier to 
analyze, as Fig. 4.22 illustrates. To facilitate comparison of relative intensities of the 
bands even more, normalization of the spectra was performed such that the intensities of 
the 999 cm-1 band are the same in all the spectra, as Fig. 4.23 represents.  
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From Figs. 4.22 and 4.23 it is clear that the Raman bands are located at the same 
positions for all four substrates, indicating that in this case, influence of the substrates on 
vibrational properties of the sample is minimal. The overall quality of the spectra 
achieved on bare glass coverslips is inferior in comparison to the other substrates due to 
unscreened fluorescence and Raman background signal from the glass, as well as due to 
challenges of focusing onto a transparent sample. Quality of the spectra on Au coated 
slides is similar to that on Si wafers and steel slides. However, from Fig. 4.21 it appears 
that Au coating of the glass coverslip does not provide a significant enhancement of the 
Raman signal of the yeast cell solution in comparison to other substrates.  
 
 
Fig. 4.21 Raman spectra of yeast cells with YPD medium (900-1900 cm-1) 
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Fig. 4.22 Baseline extracted Raman spectra of yeast cells with YPD medium from Fig. 
4.21 
 
 
 
Fig. 4.23 Baseline extracted and normalized Raman spectra of yeast cells with YPD 
medium (800-1900 cm-1) from Fig. 4.21 
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Fig. 4.24 presents normalized Raman spectra of yeast cells in YPD medium and 
YPD medium without live cells on Si wafers, to compare these two spectra. In Fig. 4.24 
there are only minor differences observed between the cell culture and cell-free medium. 
Generally, a similarity of Raman spectra from yeast cells in YPD medium and YPD 
without live cells is not entirely surprising, since the YPD medium contains an extract of 
similar yeast cells. From Fig. 4.24, slight differences of relative intensities between the 
two spectra are observed at bands of 1265 cm-1 and 1276 cm-1, 1438 cm-1, 1490 cm-1, 
1603 cm-1, 1670 cm-1 and 1700 cm-1. 
 
 
 
Fig. 4.24 Comparison of Raman spectra for yeast cells in YPD medium and cell-free 
YPD on Si wafers (800-1900 cm-1) 
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Fig. 4.25 compares normalized Raman spectra of yeast cells in YPD medium with 
a similar cells-containing sample, where fullerenol was added in the concentration of 20 
µg/mL. In the figure, differences in Raman intensities mostly near 1350 cm-1 and 1590 
cm-1 regions are discernible, which might be due to fullerenol’s C-C stretches and ring 
stretches respectively (see Table 4.4).   
 
 
 
Fig. 4.25 Comparison of Raman spectra for yeast cells in YPD medium with fullerenol 
added, and cells in YPD medium on Si wafers (800-1900 cm-1) 
 
Table 4.5 compiles published IR and Raman band assignments in various live cell 
cultures 101,102,103,104,105,106. In the table, amide I and III bands correspond to Raman-active 
vibration modes of proteins’ main chain 107; whereas Trp, Phe and Tyr indicate residues 
tryptophan, phenylalanine, and tyrosine, each of which contains a Raman active aromatic 
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ring in their side chain. Other Raman-active components involve DNA and RNA, as well 
as lipids from cell membranes. Some of Raman bands observed in cell cultures are non-
specifically attributed to C–C, C–H, C–O, C=C, and C=O vibrations.  
 
Table 4.5 IR and Raman Band Assignments in Live Cells  
Band Assignments 101-106 Published Raman Shifts, cm-1 
Phe, Tyr, DNA, RNA 615-645 102 
DNA/RNA 720-728 106,104 
Trp Ring  750-760 106 
Protein Residues, DNA/RNA Backbone 
Stretching, CH2 Rocking 
780-788 106,104,102 
C –C, C-O-C, Trp, Tyr, 800-900 106,102 
C-H, Metabolic Products, C-C Backbone 930-970, 1700 106,103,102 
C –C, Protein Residues, Phe ring 999-1006 106,103,104,102 
C –C Phe Ring Bend  1023-1034 106,102 
C-C Lipids, C-N, C-O, DNA/RNA backbone 1050-1108 106,105,103,104,102 
C –C, C-O, Lipids, Glucose, C-N 1124-1131 106,102,101 
C-C, COH 1156 106 
Protein Residues, C-O, C-H, Tyr 1171-1182 106,102 
Carotenoids 1191-1193, 1213-1215 106 
Proteins (Amide III), Tyr, Phe 1200-1300 106,103,102 
DNA/RNA  1235, 1248-1257 103,104,101 
Lipids, CH2 Deformation 1265-1298 
105,103,102 
DNA/RNA, Protein Residues, Trp Ring, CH2, 
CH3 
1332-1349 106,103,104,102 
DNA/RNA, Protein Residues 1351-1377  106,104,102,101 
CH3 1395 
106 
DNA/RNA, Protein Residues, Lipids, 
Mitochondria, CH2 Deformation, CH, CH2, 
CH3 Bending 
1422-1451 103,104,102,101 
CH3 1461 
102 
DNA/RNA 1489, 1492 104,102 
Carotenoids 1511-1535 106 
Trp 1549-1554 106,102 
Mitochondria, DNA/RNA, Aromatic Rings, 
C=C Phe 
1575-1603 104,102,101 
Trp, Phe, Tyr 1605-1618 106 
Proteins (Amide I), Lipids C-O, C=C  1645-1670 106,105,103,104,102  
Lipids C=O 1721,1737 102 
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Fig. 4.26 presents baseline extracted, smoothened, and normalized Raman spectra 
of yeast cells in YPD medium in the shift range from 800 cm-1 to 1800 cm-1. The 
tentative band assignments shown on the figure have been done based on the information 
in Table 4.5. The Raman spectra in the figure show bands corresponding to C-C stretches 
at 900 cm-1, 999 cm-1 and between 1023 cm-1 and 1034 cm-1; bands from vibrations in 
lipids between 1100 cm-1 and 1108 cm-1; C-H/metabolic products bands at 960 cm-1 and 
1700 cm-1; a C-O/ band at 1182 cm-1; lipids/CH2 deformation bands between 1265 cm
-1 
and 1276 cm-1; DNA/RNA bands at 1349 cm-1, 1492 cm-1 and 1603 cm-1; a lipids band at 
1438 cm-1; a trp/carotenoid band at 1532 cm-1; an amide I/ lipids band at 1670 cm-1 and 
finally, a C=O/ lipids band at 1737 cm-1.   
 
 
Fig. 4.26 Raman spectra of yeast cells in YPD medium on Au-coated glass coverslip and 
Si wafer with band assignments (800-1800 cm-1) 
55 
 
 4.3.2 Analysis of HeLa Cell Cultures. Basic methods used to culture HeLa cells 
are described in Sect. 3.3.1. After trypsinization, a 1:2 dilution of cells was prepared in a 
15 mL tube by adding 500 µL of cells stock (see Sect. 3,3,1) and 1 mL of fresh medium, 
and then pipetting the mixture up and down to mix it properly. Then, substrates 
comprising 13 mm glass cover slips coated with a 20 nm layer of Au and similar 
coverslips without Au were placed in a 6-well plate. The next step was to add 300 µL of 
the cells mixture from the 15 mL tube into each compartment. This was achieved by 
pipetting the mixture on the coverslips very carefully, and keeping the well plate 
immobile for 20 minutes so that the cells are let attaching on the substrates. Finally, 600 
µL of fresh medium was added slowly at side of the well plate to make the final cells 
dilution equal to 1:2. Subsequently, the well plate was incubated at 37 °C in a humidified 
atmosphere for about 48 hours. 
Raman measurements were performed after approximately 48 hours of incubating 
of the HeLa cells. The cells were cultured on either Au coated coverslips of ordinary 
glass coverslips as described above. Before the Raman measurements, the substrates with 
HeLa cells grown on them were first taken out from the well plate and transferred to a 
glass slide, which was washed with a 70% ethanol and dried. Afterwards, 60 μL of the 
medium solution from a specific compartment of the well plate was pipetted onto 
substrates to maintain the cell viability during the Raman measurements.  
Raman spectra of the samples were collected with a Horiba LabRAM HR 800 
instrument (Sect. 3.1.3) using a 532 nm excitation wavelength. The confocal hole size 
was kept at 200 μm, the objective had a 10X magnification, and 10 accumulation cycles 
of 10 s each were used for all the samples. The Lab Spec 5 software was used to collect 
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Raman spectra, and the Origin software was used to process and analyze the results. 
Before collecting Raman spectra, optical microscopic images of the cells were collected. 
An example image of HeLa cells on a glass substrate is shown in Fig 4.27. 
 
Fig. 4.27 Optical microscopic image of HeLa cells on a glass substrate 
 
 
Fig. 4.28 shows two raw Raman spectra on glass substrates, where one spectrum 
represents HeLa cells on a glass substrate with L-15 medium, and another one is a 
spectrum of the medium alone on a similar glass substrate without cells. After collecting 
of the raw spectra, baseline extraction using a fourth-degree polynomial and 
normalization at 1101 cm-1 were done.  
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The corresponding baseline-extracted and normalized spectra are shown in Fig. 
4.29. The figure also shows tentative band assignments done based on the literature data 
listed in Table 4.5 from Sect. 4.3.1. The assignments shown in the figure include C-C 
stretches between 800 cm-1 and 917 cm-1, at 994 cm-1, and between 1023 cm-1 and 1039 
cm-1; lipid bands between 1100 cm-1 and 1108 cm-1; C-O/protein residue bands at 1176 
cm-1 and 1195 cm-1; lipids/CH2 deformation bands between 1268 cm
-1 and 1277 cm-1; 
DNA/RNA bands at 1349 cm-1, 1492 cm-1 and 1603 cm-1; lipids bands at 1433 cm-1; a 
trp/carotenoids band at 1531 cm-1; an amide I/ lipids band at 1670 cm-1; and a C=O/ 
lipids band at 1737 cm-1.   
 
 
 
Fig. 4.28 Raman spectra of HeLa cells with L-15 medium and L-15 medium alone (700-
1900 cm-1) 
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Fig. 4.29 Baseline-extracted and normalized Raman spectra of HeLa cells with L-15 
medium and L-15 medium alone on glass coverslips with band assignments (700-1800 
cm-1) 
 
 4.3.3 SERS of HeLa Cells. In order to investigate possible influence of surface 
enhancement of the Raman scattering on the HeLa cells characterization, glass substrates 
with a deposited Au layer were used in some of the experiments, as described in Sect. 
4.1.2. Fig. 4.30 compares the Raman spectra of HeLa cells with and without a 20 nm 
thick Au layer on the glass slide. The spectra were baseline extracted using a fourth 
degree polynomial, smoothened, and normalized at 1101 cm-1, similarly to the procedures 
used to compare the other spectra in this work. From the figure, it is evident that the 
Raman shifts are almost the same for both spectra. However, when the Au coated slide 
was used as a substrate, intensities of most major Raman bands were significantly higher 
in comparison to the ordinary glass slide without the Au coating. The reason of the 
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enhancement is that deposited Au layers possess a surface roughness that results in a 
buildup of electromagnetic hot-spots that enhance the Raman scattering, as explained in 
Sects. 2.3 and 2.4.  
 
  
Fig. 4.30 Comparison of Raman spectra of HeLa cells with and without a 20 nm Au layer 
on the substrate (800-1800 cm-1) 
 
In particular, pronounced enhancement was observed for the Raman bands at 917 
cm-1, between 1100-1108 cm-1, at 1176 cm-1, between 1268-1277 cm-1, at 1349 cm-1, at 
1492 cm-1, at 1531 cm-1, at 1603 cm-1, at 1670 cm-1, at 1737 cm-1 and at 1792cm-1 
corresponding to C-C stretches, the lipids band, C-O/proteins residue bands, CH2 
deformation bands, DNA/RNA bands, trp/carotenoids bands, amide I bands and finally, 
C=O vibrations.  
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5. DISCUSSION 
 
5.1 Results Achieved from this Research 
In this work, a primary objective was to optimize and develop protocols for 
acquiring Raman spectra of liquid samples, mainly biological samples in solution and on 
a substrate, using the LabRAM instrument. The challenge was to collect pronounced 
Raman spectra while minimizing the power and acquisition time, so that sample damage 
could be avoided. Resolving this involved shorter scanning ranges in order to minimize 
the time and to get a higher Raman signal. Another challenge of working with biological 
samples is a high fluorescence background, which was dealt with by turning on the 
intensity correction option to avoid the fluorescence effect. The optimized protocols for 
biological samples were further improved by maximizing intensities of the signal from 
the samples, eliminating the background noise, and selecting a proper objective lens, 
filters, and exposure time. Initially, the experiments were done using a 785 nm laser and 
by keeping the intensity correction option off, which didn’t work well, as it produced 
very low signal to noise ratio. Afterwards, another approach was followed, using the 
same laser wavelength and keeping the intensity correction on, which was able to 
produce a Raman signal from the samples. However, the bands still were not pronounced 
enough due to the noise. Next, I used a 532 nm laser and kept the intensity correction 
option off, which allowed to reduce the fluorescence. However, the signal quality was 
still unsatisfactory. The next step was to keep the intensity correction on, which reduced 
the background to a significant extent and improved the signal intensity as well. These 
setting were used to collect all Raman spectra described in this work. To optimize the 
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laser power intensity based on the heat tolerance capabilities of my liquid samples, 
several steps were taken. First, the objective lens with a larger spot size and longer 
working distance should be selected, for which reason a 10X objective lens was chosen. 
The lens was kept at a safe distance from the samples. Different filters also were 
attempted, however, this strategy worsened the signal to noise ratio. Finally, to minimize 
the scanning and acquisition time of the sample, both the acquisition and scanning times 
were varied from 25 seconds to 25 minutes, and the optimal time was selected based on 
the signal quality. The specific optimal times varied depending on the samples and of the 
quantity of the liquid during the Raman measurements.  
As the obtained Raman spectra for biological samples were complex with many 
bands due to the involvement of a broad variety of biological materials in live cells, to 
gain a better understanding of the Raman scattering phenomenon, I have done both 
experiments and modeling studies for simpler carbon-based systems. In order to model 
Raman bands, 8 models of functionalized graphene were constructed using the VESTA 
software. The constructed models were optimized and their Raman bands calculated 
using DFT with the Quantum ESPRESSO code 66-68. From comparative analysis of the 
results from the DFT calculations and published DFT data, it was concluded that most 
predicted C–C bending and stretch bands fall into 330-1100 cm-1 and 832-1074 cm-1 
regions in the structures considered; predicted C–H vibration bands are found in a 
narrower region between 1273 cm-1 and 1375 cm-1, however, some C–C stretch modes 
are also found in these regimes; ring vibration modes are observed between 704 and 796 
cm-1, and also at 1325-1616 cm-1; and O–H vibration bands are localized at 3716 cm-1.   
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In order to interpret and compare the experimental results of similar carbon 
materials with the calculated Raman bands, Raman spectra were collected for several 
graphene derivatives: oxidized nano graphene platelets mixed with deionized (DI) water; 
a graphene oxide (GO); and fullerenol (C60(OH)n) solution. It was found that these 
graphene compounds exhibit pronounced bands around 760-794 cm-1, 841 cm-1, 1090 cm-
1, 1345 cm-1, 1362 cm-1, 1592 cm-1, and beyond 3000 cm-1. Based on the DFT predictions, 
the first two sets of bands can be attributed to ring vibration and C–C skeletal stretch, 
respectively, whereas the band at 1090 cm-1 is due to C–C bending. The bands observed 
at 1345 cm-1 and 1362 cm-1 have been attributed to C–C vibrations, and that at 1592 cm-1 
is due to ring stretch. The bands of 3240 cm-1 and 3422 cm-1 observed in the graphene 
platelets sample arise from O-H bond vibrations.  
After successfully interpreting the Raman bands of simpler carbon-based systems, 
I have proceeded to studies of two examples of biological samples. These included live 
yeast cells samples, and live HeLa cells samples, which were characterized. The two cell 
cultures are substantially different morphologically, as yeast cells are grown in solution, 
whereas HeLa cells are cultured on the surface of substrates.  
I have compared my results for yeast cells with published data. Fig. 5.1 represents 
a recently published 101 Raman spectrum of a single yeast cell on a Si substrate coated 
with Ag microparticles, in the shift range from 700 cm-1 to 1900 cm-1. Many bands seen 
in Fig 4.26 of this work are also found at close positions in Fig. 5.1, although the 
amplitudes of individual maxima differ. In particular, the Raman spectrum in Fig. 4.26 
shows a band corresponding to phe stretches at 999 cm-1, whereas in Fig. 5.1 a similar 
band can be seen at approximately 1000 cm-1; I observe lipids/CH2 deformation or 
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protein vibration bands between 1265 cm-1 1276 cm-1 and at 1438 cm-1, whereas in Fig. 
5.1 such bands are found at 1300 cm-1and at 1446 cm-1; in Fig. 4.26 DNA/RNA bands 
occur at 1349 cm-1, 1492 cm-1 and 1603 cm-1, and in Fig. 5.1 DNA bands are assigned to 
spectral maxima at 1360 cm-1 and 1584 cm-1; and finally, bands corresponding to 
vibrations of double bonds such as C=O are seen close to 1670 cm-1 in both figures. One 
can conclude that the positions of most bands found in yeast cells in this work are 
reasonably compatible with the published data. The differences in relative heights of 
individual peaks could be attributed to different morphologies of the sample, as well as a 
difference in background extraction procedures.  
 
Fig. 5.1 Raman spectrum of a single yeast cell on a Si substrate coated with Ag 
microparticles using a 514.7 nm laser. Reproduced from 101 with permission.  
 
Next, I have compared Raman bands observed in my work for the yeast and HeLa 
cells. Fig. 5.2 compares the spectra of the two cultures. Despite these cell cultures are 
very distant evolutionarily, from Fig. 5.2 it is evident that the spectra of yeast and HeLa 
cells show Raman shifts at very close locations.  
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Fig. 5.2 Comparison of Raman spectra for yeast cells (top) and HeLa cells (bottom), and 
their respective media. The vertical translucent bars highlight bands for which similar 
shifts were observed in the two cultures. Blue bars mark bands that exhibit similar 
relative intensities, whereas green bars mark bands that are pronouncedly different in 
relative intensities. 
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To further illustrate this similarity, Table 5.1 lists the respective positions of 
major bands in yeast and HeLa cells, and Table 5.2 (first column) lists the bands that are 
found at similar locations. On the other hand, differences in relative intensities have been 
detected in several bands for yeast and HeLa cell cultures, particularly representing 
vibrations from proteins, DNA/RNA, and cell membranes. The relative intensity for 
bands of yeast cell culture is stronger than that of HeLa cell culture near 990 cm-1 and 
between 1267-1277 cm-1; whereas at 1737 cm-1, HeLa cells have a stronger Raman signal 
compared to yeast cells. These differences are summarized in the right column of Table 
5.2. Since SERS enhancement was not a factor in neither of the spectra in Fig. 5.2, the 
different intensities may be attributed to evolutionary and morphological differences of 
the cell cultures. 
 
Table 5.1 Raman bands positions and assignments in yeast and HeLa cells 
Band Types 101-106 Raman Shifts (cm-1) 
Yeast Cells 
Raman Shifts (cm-1) 
HeLa Cells 
C –C, C-O-C, Trp, Tyr 800-900 800-917 
C-H, Metabolic Products 960 --- 
C –C, Aromatic Ring of Phe 999 994 
C –C Phe  1023-1034 1023-1039 
C –C,  Lipids 1100-1108 1100-1108 
C-O, C-H, Tyr 1182 1176, 1195 
Lipids, CH2 Deformation 1265-1276 1268-1277 
Proteins, Aromatic Ring, DNA, RNA 1349 1349 
CH2, Lipids, Proteins, DNA, RNA 1438 1433 
DNA, RNA 1492 1492 
Trp, Carotenoids 1531 1531 
DNA, RNA, Aromatic Rings, C=C 1603 1603 
Proteins (Amide I), Lipids, C-O, C=C  1670 1670 
C-C, C-H 1700 --- 
C=O, Lipids 1737 1737 
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Table 5.2 Comparison of Raman bands intensities in yeast and HeLa cells 
Similar Raman Shifts (cm-1) 
 
Different Relative Intensities (cm-1) 
999/994 Strong 999 / Weak 994  
1100/1100 - 
1181/1176 - 
1265-1276/1268-1277 Strong 1265-1276 / Medium 1268-1277  
1349/1349 Medium 1349 / Strong 1349  
1492/1492 - 
1603/1603 - 
1737/1737 Strong 1737 / Medium 1737  
 
In addition to the Raman spectra of two cell cultures, Fig. 5.2 also depicts spectra 
of the corresponding media.  For yeast cells in solution, only a minor difference was 
observed between the cell medium and living cells. In contrast, for HeLa cells on a glass 
substrate, a significant difference was observed between intensities of bands representing 
vibrations in proteins (1349 cm-1), DNA/RNA (1433 and 1603 cm-1), and lipids (1268 
and 1737 cm-1) against the L15 medium. Note that both yeast and HeLa cells exhibit 
differences against the corresponding media at similar Raman shifts, only the differences 
for yeast cells are less pronounced, hypothetically because of a relatively lesser number 
of yeast cells captured in the light focus in solution.  
Upon demonstrating a proof-of-principle Raman characterization of the two cell 
cultures, attempts to achieve an enhancement of the Raman scattering have been made. 
For this purpose, a 20 nm Au coting was created on glass substrates used for the Raman 
measurements of both cell cultures. Surface roughness of the Au coating was expected to 
produce electromagnetic hot-spots required for the enhancement. For yeast cells, I could 
not detect the enhancement, hypothetically because most yeast cells were contained in the 
liquid at a distance from the Au-coated surface of the substrate. However, for HeLa cells, 
most of the bands were enhanced due to the rough SERS substrate, as Fig. 4.30 
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illustrates. From these observations, I can conclude that nanostructured Au coatings on 
glass substrates offer a strong potential for the enhancement of Raman bands from 
substrate-confined biological samples.  
 
5.2 Problems Encountered During Experiments 
During this work, many challenges were dealt with while learning how to work 
with the cell cultures and collect Raman spectra for liquid biological samples.  
 The first challenge was to learn the techniques of growing HeLa cell cultures, as 
a Physics student. This was successfully resolved.  
 
 An even bigger challenge faced in this work was to collect high-quality Raman 
spectra of liquid samples despite a strong fluorescent background that the 
samples produced. After an extensive optimization work, a satisfactory Raman 
signal from the samples was obtained.  
 
 A related, yet different challenge was to find the correct laser excitation 
wavelength, based on the power intensity. The power at the spot size needed to 
be minimized in order to avoid thermal damage of the biological samples, while 
maintaining a satisfactory quality of the spectrum. A solution of this is described 
in Sect. 4.1.1. 
 
 The next challenge was to optimize the scanning range and accumulation time to 
get as strong as possible Raman intensity from many molecular species 
contained in the cells. Optimal selection of these was found dependent of the 
sample, as discussed in Sect. 5.1. 
 
 The final challenge was to collect Raman spectra for yeast cells in solution. 
These cells were not grown on the substrate and instead, they were capable 
moving during the Raman measurements. Also most of the cells were at a 
distance from the substrates, challenging SERS measurements with Au coatings 
deposited on the substrates. Although encouraging results have been obtained as 
described in Sect. 4.3, achieving a full strength enhancement of Raman spectra 
from live yeast cells may require different approaches beyond the scope of this 
thesis.  
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6. CONCLUSIONS AND FUTURE WORK 
 
6.1 Conclusions  
In this thesis, experimental protocols for Raman characterization of liquid 
samples, mainly biological samples, were developed and optimized for the LabRAM 800 
micro-Raman instrument. This was achieved by minimizing the acquisition time, 
performing shorter scanning, and turning on the intensity correction option to avoid the 
fluorescence effect.  
In order to facilitate interpretation of Raman bands in complex multicomponent 
samples, I have also investigated a simpler benchmark example of graphene based 
materials, both experimentally and computationally. Raman spectra were collected from: 
oxidized graphene platelets mixed with water; fullerenol solution; and dried solution of 
graphene oxide. The spectra exhibit pronounced Raman bands. In order to elucidate the 
trends in various graphene compounds, and validate the band assignments, in-vacuum 
density-functional theory (DFT) calculations of molecular vibrations in several graphene-
based models were also performed using the Quantum ESPRESSO software. In the 
computational study, models were built for pristine graphene and graphene functionalized 
with hydrogen, oxygen, and hydroxyl groups of various C/H, C/O and C/OH ratios, 
respectively. The calculations predict a rich pattern of Raman bands originating from 
vibrations of various bonds and atomic groups. Based on these predictions and 
comparisons with the literature, band assignments for the experimental spectra of 
graphene based materials have been made.  
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Raman spectra of two cell cultures, yeast and HeLa, were acquired and 
interpreted. In addition to evolutionary differences, the two types of cells represent 
distinctly different morphologies, since yeast cells are cultured in solution, whereas HeLa 
cells grow on a substrate.  
The Raman characterization of yeast cells in solution revealed pronounced Raman 
bands: including those corresponding to proteins, DNA/RNA, and lipids. Positions of 
major bands are very similar to the recently published Raman spectrum of yeast cells 
fixed on a substrate 101. However, the spectra for yeast cell media show only minor 
differences against those of living cells, for the reason of the presence of dried yeast 
extract in the cell media.  
For HeLa cells, major Raman bands were observed at positions close to those of 
yeast cells; however, relative intensities of bands representing vibrations in proteins, 
lipids, and DNA/RNA were different against the L15 medium. Importantly, a pronounced 
enhancement of several Raman bands of the HeLa cells spectra was observed using a 
glass substrate with a deposited Au layer, promising a strong potential of SERS as a 
method of characterization of HeLa cells cultures.  
 
6.2 Proposed Future Works and Considerations 
 In future experiments with cell cultures, it may be advantageous to measure the 
Raman spectra of cells contained in a simpler buffer solution such as a phosphate 
buffered saline (PBS), rather than in cell culture media. Comparing the results 
with the Raman spectra of the buffer solutions would produce greater differences, 
facilitating the analysis of molecular vibrations in the cells.  
 
 It may be interesting to collect Raman spectra after fixing yeast cells on a 
substrate. This will allow the yeast cells to remain on the substrate, rather than 
moving in solution during Raman measurements.  
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 There is a strong potential of the enhancement of Raman spectra from cells grown 
on, or fixed at, SERS substrates bearing plasmonic nanostructures. Continuing 
such experiments with different plasmonic nanostructure designs may lead to 
interesting future works. In regard of the substrate selection for cells cultures 
characterization, quartz or CaF2 might be considered because of their low 
background signals. 
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